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ABSTRACT 
Many types of diseases including cancer and autism are associated with copy-number 
variations in the genome. Most of these variations could not be identified with existing sequencing 
and optical DNA mapping methods. We have developed Multi-color Super-resolution technique, 
with potential for high throughput and low cost, which can allow us to recognize more of these 
variations. Our technique has made 10–fold improvement in the resolution of optical DNA 
mapping.  Using a 180 kb BAC clone as a model system, we resolved dense patterns from 108 
fluorescent labels of two different colors representing two different sequence-motifs. Overall, a 
detailed DNA map with 100 bp resolution was achieved, which has the potential to reveal detailed 
information about genetic variance and to facilitate medical diagnosis of genetic disease. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Genomic Variations 
 
More than 99.9 % of the human genome is identical across all people. Small differences in 
DNA lead to significant differences in human phenotypes. Two different people’s DNA may differ 
one in every 1000 DNA bases. Genomic DNA differs because of mutations, mostly errors in 
copying DNA. Mutations in a sperm or egg can be passed on to offspring and future generations. 
All 46 chromosomes may have variations and these discrepancies vary from one chromosome to 
another. Until recently majority of DNA was thought to be junk and non-functioning1. It was also 
called non-coding DNA2. Research by the ENCODE project, which is supported by the National 
Human Genome Research Institute concluded that over 80% of DNA in human genomes has some 
significant function3. This non-coding DNA has now been discovered to be important in the 
genetic regulation of proteins such as transcription factors. Typically, variations in most of the 
genome would affect regulatory elements as well. Currently, it is not very well known how much 
these variations affect phenotype. There could be a wide range of phenotypic effects; 
physiological, psychological, and physical traits. Physical traits could be things like height, body 
shape, and eye and hair color; psychological could be being introverted or extroverted in 
personality, tendency for depression or attention disorders; physiological could be resistance to 
disease, low or high metabolism for digesting certain nutrients etc.  However, genetic factors along 
with experience and learning play roles in intellectual, social and personal attributes. For example, 
genetic changes may not affect phenotype as in the example of the study, which showed that 
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removing about 0.1% of mouse genome did not cause any apparent changes in phenotype4.  
Despite this study, there may be unnoticed changes in phenotype of these mice, requiring more 
control experiments to ascertain. Many times, variations could be carried to following generations 
and may lead to susceptibility to diseases in offspring.  
Biodiversity is the result of these genetic variations. Genetic diversity would help 
populations to adapt to environmental changes and is found in all species5. As an example, genetic 
diversity in farming due to selective breeding could help to produce more yield and desired 
products as well as high resistance to disease. It can also provide more resistance to disease in 
human being. Genetic variation may also lead to genetic polymorphism, which is defined as the 
presence of two or more different phenotypes in the same species. Even though genetic variation 
may enrich the quality of populations and extend life expectancy in the case of certain genetic 
polymorphisms, some variations may cause more problems in human life and lead to susceptibility 
to certain diseases. Since we have very complex traits, changes in genes may also result in 
malfunctioning in several different ways. Genetic risk factors are the effect of certain genes on the 
tendency to develop certain diseases. The likelihood of individuals having diseases and sharing 
certain similar traits is complex and still unknown because of the many unknown genetic factors. 
Despite the unknown factors, recent advances in sequencing technology and sequencing large 
populations have helped to identify genetic variations related to some traits, especially those 
associated with human health. Personalized medicine, the practice of medicine based on a person’s 
genomic profile will be more popular as we discover more of the genome and the connection 
between genes and their relationship to traits.   
Three major sources of genetic variation are mutations, gene flow form one population to 
another, and genetic exchange through sex. Mutations can be positive, negative, neutral, or a mix 
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as we mentioned above. They could be harmful, either leading to serious disease, improve certain 
traits or not have any affect at all. Mutations in non-productive cells may not be passed onto 
offspring, but may still cause disease in the person they appear in. Mutations in productive cells, 
like eggs and sperm, may result in big changes in phenotype.  Even single point mutations may 
cause serious problems. There are several reasons why mutations occur. While cells divide, DNA 
might end up not being correctly copied and leading to mutations, one of the most common 
reasons/factors for mutations. External factors could also create mutations such as, exposure to 
radiation, chemicals, additives in food, and drug over dosage. A specific example, long time 
exposure to Sun, causes mutations in skin cells leading to skin cancer6. Another reason for genetic 
variations is gene flow, which is the migration of genetic elements from one population to another7. 
Gene flow may introduce new genes to other populations as in the case of pollen. Also, sex can 
create new genes through genetic shuffling between reproductive cells.  It’s a well-known fact that 
children can get different features from the maternal and fraternal sides. For example, the shape of 
child's head might resemble its father but have some other trait such as eye or hair color similar to 
its mother. But, it is also possible to end up with a completely new countenance not matching any 
parental features.  
Genomic variations can vary from single nucleotide polymorphism (SNP) to abnormalities 
in chromosomes. Genome structural variations, changes in structure of an organism’s genome, 
have several different forms, such as insertions, deletions, duplications, copy-number variants, 
inversions and translocations. These may range in size from a few hundred basepair to several 
megabases.  
Single Nucleotide Polymorphism is a single nucleotide-A, G, C or T- change in the genome. 
Most common SNPs have only two alleles (two variants, each with a different nucleotide in a 
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specific spot). SNPs are the main reason for genetic diversity.  Since each individual has different 
SNPs in their genome, it is used in DNA fingerprinting for forensic science. Synonymous and non-
synonymous SNPs are types of SNPs in the coding region of the protein. Non-synonymous SNPs 
alter the protein sequence while synonymous don’t. As in all types of genomic variations, SNPs in 
non-coding regions may affect transcription factors, RNA expression and gene silencing.  The 
international HapMap (haplotype map) Project was organized to discover SNPs in populations 
around the world.  The project started in fall 2002 and recent results were released with the Phase 
III dataset in spring 2009.  HapMap 3 included 1184 individuals from 11 populations worldwide. 
Overall, 1.6 million common SNPs were genotyped in this project8. As of last year, the NCBI SNP 
data base listed over 180 million SNPs in humans. Many human diseases are associated with SNPs 
such as cancer, AIDS, sickle cell anemia, and cystic fibrosis9–13. The project also included research 
about Copy Number Variations. Some SNPs increase susceptibility to disease as in case of ApoE 
gene (Apolipoprotein E). Mutation in the ApoE is related to risk for Alzheimer disease14. SNPs in 
PEMT gene (phosphatidylethanolamine N-methyltransferase gene) leads to choline deficiency, 
associated with organ dysfunction15. In another study, post-menopausal women who have 1958A 
gene allele of MTHFR gene (Methylenetetrahydrofolate reductase) have 15 times more 
susceptibility to organ malfunction with choline deficiency16. All these studies relating nutrition 
to genomics are good examples of genomic variations which may play important roles in 
prevention of some diseases17.  
Chromosome abnormality in the large scale structure of the genome is easy to detect. It 
could be an abnormality in one or more chromosomes18. Karyotyping is the method to compare 
individual’s chromosomes with normal chromosomes. Changes in chromosome number occur in 
cell division after meiosis or mitosis. These changes are irreversible. Studies show that 15-20 % 
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of human oocytes may have chromosome abnormalities19.Changes in number of chromosomes is 
frequently referred to as Aneuploidy. In general, missing or additional chromosomes are 
responsible for defects during the embryo stage. Most of these irregularities result in miscarriage20. 
Nearly all spontaneous abortions are the known to be result of chromosomal abnormalities. There 
could be a missing chromosome or multiple chromosomes compared to regular diploid 
chromosome numbers. Over 60 diseases are related to chromosomal abnormalities, the most 
common ones are Klinefelter syndrome (47, XXY, extra X chromosome), Turner Syndrome (45, 
X, missing Y chromosome), Patau syndrome (Trisomy of chromosome 13). Another well-known 
aneuploidy is Down syndrome (Trisomy of chromosome 21). Some inherited syndromes may 
cause predisposition to cancers in addition to the direct aneuploidy in tumor cells21. There are 
many examples of aneuploidy in cancers such as leukemia which is associated with a copy increase 
of chromosome 822–24. 
Deletions. Structural abnormalities in chromosomes have several forms as mentioned above. So 
far, we stated chromosomal level abnormalities such as the case of a lost or duplicate chromosome. 
There are other kinds of abnormalities related to particular portions of a chromosome. Deletions 
are one of the possible forms of structural abnormalities as in case of Jacobsen syndrome, where a 
terminal region of chromosome 11 which generally has a specific band 11q24.1 is missing. This 
syndrome is responsible for several physical abnormalities in the face, heart defects as wells as 
intellectual problems25. Deletions can occur from either the end or interior of a chromosome. There 
can be microdeletions of up to 5 kb regions of a chromosome which may include a few genes. In 
most of these chromosomal abnormalities, especially deletions, if it includes many genes, fetuses 
will spontaneously abort.  Some short deletions in DNA sequences may alter protein synthesis and 
may result in the loss of important proteins. There are also deletions in telomere regions of the 
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genome which may subtly affect intellectual disability26. As we will point out in later parts of the 
chapter, it is hard to identify short deletions with current sequencing methods. Recently, new 
evidence of microdeletions effect on phenotype were discovered. A recent publication proposes 
that the 5q31 microdeletion leads to intellectual disability associated with changes in expression 
pattern on LRRTM227. As mentioned earlier, several investigations have connected the link 
between chromosomal deletion and cancer. According to Schimenti et al., the loss of the gene NF1 
in gliblastoma is observed in 28 percent of human breast cancers28. Another study shows deletions 
of the MTAP gene in a subgroup of endometrial cancer29.  
 Inversions are another form of chromosomal abnormality. Inversion is the rotation of a gene 180 
degrees before re-insertion at the same site. There are two types of inversion depending on the 
location of chromosomes: Paracentric and Pericentric Paracentric inversions. Paracentric 
inversions occurs in one arm of the chromosome does not include centromere.  Pericentric covers 
centromeres and leaves breaks in each arm. Carriers of paracentric inversions may rarely give birth 
to phenotypic problems. On the other hand, occurrence of abnormalities is much higher in the case 
of pericentric inversions. Most inversions are balanced inversions, where the genetic sequence is 
not altered.  It does not affect overall genetic material and therefore does not result in phenotypic 
abnormalities. Most well-known inversions occur in chromosomes 4 and 8. The inversion on 
chromosome 8 is 3.5 Mb and reported in 26% of health subjects. The one on chromosome 4 was 
observed in 12.5 % of controls and was about 6 Mb in size30. These two inversions do not have 
known phenotypic consequences. A recent study showed that a 4 year-old patient with 
developmental delay problems due to balanced inversions unlike other findings (inversion of 
14(q21q23)31. Another study performed in Poland indicates that balanced chromosomal 
rearrangements may be associated with abnormal phenotypes32. Unbalanced inversion means that 
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sequences of proteins or heir copy numbers are changed. Unbalanced inversion which disrupts 
sequences of proteins may change the expression of several proteins and this causes significant 
mutation/deformity. Certain inversions are connected to numerous diseases, such as the factor VIII 
gene with hemophilia33; IDS gene with Hunter syndrome; and the emerin gene with Emery-
Dreifuss muscular dystrophy. Problems may also occur in somatic cells, leading to cancer as in 
the case of other abnormalities. Thyroid cancers in patients who are exposed to Chernobyl 
radiation are linked to a 500 kb inversion on chromosome 1034,35. Current array based technologies 
can’t locate many balanced inversions. They are estimated to be the most common inversion in the 
human genome. Many of these may be associated with diseases and disorders36.  Currently, there 
are 914 inversions reported in the database. Most known inversions are in the range of 10 kb to 
100 kb. Many may not have been discovered due to the resolution limit of current array base 
technologies. In fact, smaller sized inversions could be counted as copy number variations.   
Translocations are another chromosome abnormality caused by relocation of parts of 
chromosomes.  Similar to inversions, translocations could be balance or unbalanced depending on 
how changes in genome affect changes in genetic codes. There are two classifications of 
translocations, reciprocal and Robertsonian. Reciprocal are exchanges of DNA parts between 
nonhomologous chromosomes. This variation may occur in one in 500 newborns37. Most 
reciprocal translocations are balanced and do not result in abnormal changes. There may be hidden 
results of reciprocal translocations as well as inversions due to their indirect effect on phenotypes. 
Some scientists think that autism could be the result of such abnormalities in the genome. 
Robertsonian translocations are the rearrangement of two acrocentric chromosomes by joining 
together by their whole long arms. It is basically nonreciprocal translocation and it could include 
either homologous or nonhomologous chromosomes. In particular, Down syndrome is caused by 
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Robertsonian translocation of chromosome 21’s long arm onto chromosome 14’s long arm38. 
Robertsonian translocations could be the result of malformation of genes in eggs and that are 
effected during reproduction. Most common forms of this translocation are between chromosomes 
14 and 15, 14 and 21, and 13 and 14. Several cancer types are known to be associated with 
translocations. Translocations are found in many diseases such as Mantle cell lymphoma39 
(t(11;14)(q13;q32)) and Schizophrenia40 (t(1;11)(q42.1;q14.3)). Some translocations or deletions 
may show up in offspring but may also be passed on to following generations. Due to that fact, it 
is recommended to genetically test parents before getting pregnant. 
Copy Number Variations (CNVs) are most common type of genomic variation. CNVs are 
changes in the genome to having multiple copies of one or more parts of the chromosome. 
Aneuploids may be considered large scale CNVs. CNVs are known to occur in 12% of the human 
genome. CNVs in a single chromosome may vary from 6 to 18% of the chromosome. Sizes of 
known CNVs may range from one kilobase to megabases44. Almost 3000 genes are known to have 
copy number variants which amounts to 10% of all genes in the genome. One or multiple genes 
may correspond to a copied DNA fragment. Thus, these genes may be expressed in multiple copies. 
Smaller repeats, less than 1 kb, are even possible but not identified easily with current sequencing 
methods. Copies may also correspond to non-coding regions of DNA which may be important to 
other regulation mechanisms in cells.  It is now believed that CNVs are more frequent (at least 
three times) than SNPs because of the recent discovery of small size copy number variations41.  
Genomes of unrelated people may differ 0.4% due to copy number variations42. Deletions, 
translocations and inversions may also be called copy number variations. Large numbers of CNVs 
were discovered after the completion of human genome project43,44 Recent studies show that 17 
conditions of the nervous system may be affected by CNVs, including Alzheimer’s and Parkinson 
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diseases.  Having CNVs can either cause susceptibility or resistance to disease. Studies have shown 
that cancer cells have increased copy numbers, as in the case of EGFR in non-small cell lung 
cancer, which was found to have a higher copy using the FISH method45. Susceptibility to HIV 
infection is also associated with copy number of the CCL3L1 gene46. Many studies shows links 
between autism and copy number variations47. A study by Sebat et al. has utilized multiple 
detection methods to identify copy numbers in autistic patients. Their methods are comparative 
genome hybridization (CGH), paternity testing, fluorescence in situ hybridization, cytogenetic and 
microsatellite genotyping.  Some of these methods will be explained later in the thesis. Overall, 
they have linked 10% percent of patients with sporadic autism48. A very recent study by Gai et al. 
included new variations which could cause autism49. Schizophrenia is also associated with copy 
number variants at 1q21, 15q11.2, 15q13.3, 16p11.2, 22q12, and Neurexin 1 loci according to 
several studies50,51 
1.2 High Resolution Imaging by Using Fluorescent Microscopy   
  
Fluorescent imaging microscopy has been an essential tool for biologists for many years, 
especially after the discovery of high yield fluorophores which can be used to tag DNA, RNA and 
biological molecules.  Recent improvements in optical resolution in fluorescent microcopy have 
led to study of structures at a finer level of details than previously possible52–62. Before such 
advances in optical microscopy, electron microscopy has been used to inspect structural details. 
However, electron microscopy requires samples fixation that can change native state of the system 
under study. Furthermore, it is also difficult to label and image the target inside a cell with electron 
microscopy. For instance, it is not yet possible to label nucleotides in situ separately to resolve 
individual nucleotides and carry out sequencing. Hence, fluorescence microscopy is becoming 
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more popular in the life sciences57, especially after the development of relatively easy methods for 
target labeling of proteins and nucleic acids even inside living cells. 
In general terms, image resolution is a measure of the amount of information in 
reconstituting the image of an object. Therefore, higher resolution means being able to see more 
details in the image. In optical microcopy, resolution is determined by the smallest distance at 
which two closely spaced particles can be distinguished. Raleigh observed that resolving two lines 
in a diffraction grating is limited when the diffraction peak of the first line overlaps with the first 
minimum of the second. Two peaks become indistinguishable when distances between lines are 
closer than this. For a microscope system with a numerical aperture, NA, and observation 
wavelength lambda, the Raleigh limit is determined by                                   
𝑅 =
1.22∗𝜆
2∗𝑁𝐴
              [1] 
Thus, the lower limit of resolution is approximately 200 nm for visible light (λ~500 nm), if using 
an objective with a numerical aperture of 1.45. 
Especially in biology, there are very specific questions related to distances between two or 
more molecules. Answering such questions has led to an increased understanding of the 
mechanism of several molecular systems. An important factor in resolving such distances is 
localizing molecules with high precision. The localization error should be below the expected 
distances between two molecules63. The localization error for single molecules could be as low as 
1.5nm which is achieved in our lab by using the technique called FIONA64. Last decade, new 
imaging techniques have emerged based on FIONA. Super resolution could be achieved by 
STORM and PALM techniques52,55,59 which facilitate the localization of densely labeled photo 
switchable fluorophores. The fluorophores are sequentially activated and imaged. Super-resolution 
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image is reconstructed from localization of the fluorophores after repeated cycles of this process. 
Further improvements have been made to understand behavior macromolecules in vivo65–69. Super 
resolution optical fluctuation imaging (SOFI), Single-Molecule-Based Super-Resolution Images 
in the Presence of Multiple Fluorophores (PHILM), Direct stochastic optical reconstruction 
microscopy with standard fluorescent probes (dSTORM) which are able to resolve densely labeled 
fluorophores and locating them individually over long time period. All these techniques are able 
provide high resolution distribution of the interested particles in cell. FRET (Forster Resonance 
Energy Transfer) has been most common method to understand mechanisms of interaction 
between two or more molecules70, but it is limited by 5-10 nm distance range. Several other 
methods has been used for co-localization of fluorescent probes within resolution range of 10-200 
nm53,56,71,72.  
Single molecule-High Resolution Imaging with Photobleaching (SHRImP)73 and Single-
molecule High-Resolution Co-localization (SHREC)74 have been combined to study high 
resolution imaging of DNA and RNA molecules. SHRImP can resolve adjacent fluorophores of 
the same color with 10nm resolution by using the quantal photobleaching behavior of single 
fluorescent dye molecules73. SHREC can measure distance between fluorophores in 
macromolecular systems with better than 10 nm resolution by using two chromatically different 
fluorophores. Fluorophores are imaged in separate channels by using a dual-view system and 
localizing individually with high accuracy. SHRImP can be extended to 3 or more dyes. Using 
more colors and the multiple fluorophores for each color will increase the number of resolved 
distances between individual molecules and provide more information about their structure. 
Because of their feasibility and potentials to improve further, we focused on combining these two 
techniques to work on our DNA mapping application. 
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1.3 Imaging Techniques 
1.3.1  FIONA (Fluorescence Imaging with One Nanometer Accuracy) 
 
Our lab has achieved nanometer accuracy in locating fluorescence dyes by combining total 
internal reflection microscopy and improving photon collection64. Total internal reflection 
microscopy is used to obtain high signal to noise ratio which is crucial for getting higher resolution. 
TIRF based on excitation and detection of fluorophores in a small volume of sample solution. 
When the incident light is totally reflected at the interface between water and glass, occurring 
evanescent wave illuminates and excites fluorophores in the solution that is adjacent to the 
interface. The evanescent field decays exponentially and typically penetrates about 100 nm into 
the sample (Figure 1.1). Snell’s law is used to calculate depth of evanescent field. The critical 
angle is the lowest angle of incidence which total internal reflection starts. Critical angle can be 
calculated by equation [2] in which n(2) is the refractive index of  solution or buffer where the 
sample is while n(1) is the refractive index of glass slide or coverslip. Total internal reflection 
occurs at angles greater than critical angle.  
𝜃𝑐 = sin−1
𝑛(2)
𝑛(1)
              [2] 
Despite no light propagates to other medium (which is buffer), small amount of light pass across 
the interface which is called evanescent field. Energy of evanescent field decreases by exponential 
in decay in the z direction (which is direction perpendicular to the interface) as shown in equation 
[3].  
𝐸(𝑧) = 𝐸(0)𝑒−𝑧/𝑑              [3] 
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E(0) is the energy at the surface, E(z) is the energy at distance z from the surface, d is the 
penetration depth. The penetration depth depends on the angle of incidence, refractive indices of 
the solution and the glass and wavelength of incidence light as shown in equation [4] 
𝑑 =
𝜆
4𝜋×√𝑛(1)2  𝑠𝑖𝑛2 𝜃(1)−𝑛(2)2     
              [4] 
 By this method, fluorophores which are specifically tethered surface can be excited. Emission 
from non-targeted fluorophores in solution stray fluorescent, as well as Raman scattering from 
water that causes background is substantially decreased compared to epi-fluorescent 
microculminating in a much improved signal-to-noise. 
In addition to TIRF microscopy, innovations in photon collection are crucial to obtaining 
nanometer precision. Photon collection is greatly improved by the ability to extend the number of 
photons a dye will emit before it photobleaches. Photobleaching is irreversible chemical damage 
of a fluorophore. The localization of a fluorescent dye is inversely proportional to square root of 
total photon number. The collection of more photons corresponds to a more precise localization. 
To localize dyes, we fit the emission pattern of a single dye by a Gaussian function. For a given 
numerical aperture (NA), the width of the Gaussian fit for single spot is determined by equation 
[1]. We get a diffraction limit 223 nm, when we use 1.4 NA microscope and 532 nm green laser 
(Figure 1.3). We can achieve nanometer accuracy by localizing position of the dye according with 
precision given in equation. 
                                                  σμ = √
𝑠2
𝑁
+
𝑎2/12
𝑁
+
8𝜋𝑠4𝑏2
𝑎2𝑁2
         [5] 
In this equation, s is the standard deviation of the Gaussian fit, a is the pixel size of CCD camera, 
b is the standard deviation of background, N is the total number of photons collected by the CCD 
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camera. The last term under the square root is background noise. High signal to noise improves 
the precision by minimizing this term. Collecting more photons and having long lasting dyes is 
achieved by using an oxygen scavenging systems.  
1.3.2 Single-Molecule High-Resolution Imaging with Photobleaching (SHRImP)  
  
SHRImP was developed in our lab73. It is based using two identical fluorophores which 
has distances between them as small as 10 nm. Conventional light microscopy is limited in 
resolution to about 250 nm because of the diffraction-limited of light. Fluorophores within 
diffraction limit appear as a single spot. FRET technique cannot measure distances over 10 nm. 
With the SHRImP technique, we can bridge the gap between distances resolvable by FRET and 
distances resolvable by conventional light microscopy.  
In SHRImP, the two dyes are too close enough that their intensity profile overlaps. The 
dyes photobleach stochastically (see Figure 1.4). To perform SHRImP, first, we fit and localize 
the remaining dye after the other dye has photobleached and then subtract its intensity from the 
combined intensity profile of two dyes. Then, the second dye are fit and localized with high 
accuracy. By measuring distance between each dye, two dyes can be resolved on the order of 10 
nm. Three or more dyes could be resolved with same method with extended analysis. Gordon et 
al. resolved two identical dyes which are attached to short DNA pieces at distances of 10, 17, and 
51 nm. Balci et al75 used the SHRImP to measure the inter-head distance (30 nm) of myosin VI 
molecules that are labeled with GFPs on the actin-binding of domains agreement with hand-over-
hand model.  
Another method, NAMLS (nanometer-localized multiple single-molecule) microscopy 
independently developed by Qu et at based on same principle. They resolved distances between 
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five identically labeled fluorophores on DNA. Later on, multiple methods based on blinking of 
fluorophores developed to resolve hundreds of dyes within diffraction limit as mentioned above. 
Main advantage of these methods is using a single color of fluorophores which is very convenient 
with single laser line of fluorescence microscopy. Besides, not involving chromatic aberration is 
another advantage of the SHRImP method due to using single color imaging.  
1.3.3 Single-Molecule High Resolution Co-localization (SHREC) 
 
SHREC is another technique to measure distances between dyes within the diffraction 
limit. It is based on FIONA and uses two chromatically different fluorescence probes. SHREC 
uses two different laser colors to excite the sample. The emission from spectrally distinct dyes is 
split by using a dual- view apparatus which contains a dichroic, two different emission filters, and 
related optics (Figure 1.5 and Figure 1.6). The split image can be viewed in a CCD camera in two 
channels. Mapping between the channels is achieved by using a nano-hole pattern and an advanced 
mapping algorithm developed by our group. To measure distances with SHREC, spots in each 
channel are fit and mapped onto each other. After measuring distances between mapped spots, we 
can get resolution on the order of 10 nm. 
Decreasing the mapping error is a major challenge in SHREC experiments. In the original 
SHREC experiments, Churchman et al74, used fluorescent beads which have emit light in both 
green and red channels. They used a piezo nanonstage to move beads by 0.5 μM intervals across 
the field of view. After fitting intensities and finding x and y positions in both channel, they 
calculated mapping functions and found a mapping error using the target registration error 
calculation (Equation 3). We achieve smaller mapping errors by using nanoholes which is designed 
with chromium and silver on coverglass.  1.4 μm spaced nanonholes were made using Focused 
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Ion Beam (FIB). We pass white light through the nanoholes and then, it splits into both channels 
by a dichroic filter. After fitting spots in both channels by Gaussian fit, we calculate a mapping 
function by comparing corresponding spots in both channels. 
Functions f and g are calculated using a locally weighted mean method  in equation 3 74.  
                              f(x,y)=
∑ 𝑊{
[(𝑥−𝑥𝑖)
2
+(𝑦−𝑦𝑖)
2
]
1/2
𝑅𝑛
}𝑃𝑖(𝑥,𝑦)
𝑁
𝑖=1
∑ 𝑊{
[(𝑥−𝑥𝑖)
2
+(𝑦−𝑦𝑖)
2
]
1/2
𝑅𝑛
}𝑁𝑖=1
     [3] 
      with  Wi(R)=1-3R2+2R3(0≤R≤1), Wi(R)=0(R>1)  where R=[(x-xi)2+(y-yi)2]1/2/Rn 
 
The Mapping error is determined by Target Registration Error (TRE) calculation. The best result 
we have obtained is 2.3 nm, 30% smaller than the error obtained in the original SHREC 
experiments.  Since most our application needs to resolve distances on the order of 10 nm, 2.3 nm 
mapping error indicates that SHREC is a very feasible for our application. 
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1.4 Figures for Chapter I 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Objective type TIRF microscopy, the laser beam is 
reflected at the interface between the coverslip and sample (sample 
is illuminated about average of 100 nm in z-depth.) 
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Figure 1.2: Graph for angle of incidence vs. penetration depth. Current Objective TIRF set up 
ideally gives about 100 nm penetration depth because it is hard to obtain higher angles. Lower 
penetration depth is desired to get high signal to noise ratio. 
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 Figure 1.3: Top Left. CCD image of several Cy3 molecules. Right. Gaussian profiles of 
all spots which can easily be distinguished from each other. Bottom Left. Gaussian profile 
of single molecule. The width is ~250 nm, but the center can be located to within ± 1.5 
nm accuracy. 
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Figure 1.4: Top.  A plot of total integrated intensity versus time for 
three closely spaced Cy3 molecules, showing a three-step 
photobleaching behavior. Middle. Several close spaced dyes. Some 
of them are within diffraction limit. It is hard to resolve with regular 
diffraction limited microscopy. Bottom. By using SHRImP 
method, we could locate each individual dyes with high precision. 
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Figure 1.5: In the SHREC technique, dyes of two different colors are 
split into two channels and localized by using FIONA. Top left: 
Illustration of green and red channel separation with dichroic. Top 
right: Image of nanoholes with both green and red channels. 
Nanoholes is used as fiduciary marker. Bottom: Actual image from 
DNA which is labeled by Cy3 and Cy5 dyes, then chromatically 
separated into two channels. Our autospot finder code finds co-
localized spots in both channels. 
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Figure 1.6: SHREC set up (two-color FIONA setup) 
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CHAPTER II   
HIGH YIELD DNA STRETCHING FOR HIGH RESOLUTION SINGLE-
MOLECULE IMAGING 
 
Having accurately stretched and fixed DNA is very important for obtaining high resolution 
imaging with DNA and RNA. Both optical DNA mapping and DNA-Protein interaction studies 
need a feasible technique that will provide stretching of DNA to its near-contour length and fix it 
on the surface, so that fluctuations don’t cause errors. We have developed a new stretching 
technique with an easy exchange buffer system, which yields uniformly stretched, high density of 
DNA on surface. Using chloroquine and functionalized primers, our technique stretched DNA to 
over 90% of contour length and achieved three times more surface coverage than comparable 
methods. Three fluorophores within the “standard” resolution limit on stretched lambda DNA were 
resolved by applying SHRImP (Stochastic High-Resolution Imaging by Photobleaching). This 
method could be used determine structural variations of long DNA molecules, to profile of the 
alternative splicing variants of RNA, and to understand mechanisms of DNA/RNA-protein 
interaction. 
2.1 Overview of Stretching Methods 
 
Several new DNA mounting methods were developed last decade to study DNA-Protein 
interaction studies76. Both DNA-protein studies and optical DNA mapping for genomic studies 
need optimized DNA stretching systems. Such systems should give high yields so reasonable 
statistics could easily be obtained. On the other hand, stretched DNA should be close to its contour 
length so that localization of dyes or proteins on the DNA would have minimal fluctuations and 
positions would map accurately to locations on the DNA. In addition, an easy buffer exchange 
system is essential to run experiments with several sets of trials on a single sample. Recent 
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techniques don’t have all these critical features together. Our target application DNAs are longer 
than 1kb.  We need to stretch DNA fully to its contour length and fixed it on the surface so that 
fluctuations don’t cause errors when localizing them. We have tried several existing methods and 
optimized them for our systems of interest. DNA curtains are made of patterns of barriers by using 
nanolithography77,78 and based on diffusion of DNAs on lipid-bilayer coated surface. Thousands 
of DNAs can get stretched and aligned on chromium barriers which are fabricated by using e-beam 
lithography. After Cr barriers are fabricated on the glass surface, the surface is coated with 
biotinylated lipid bilayers. DNA with one end attached to a biotin-neutradavidin-biotin complex 
can easily diffuse over the lipid bilayer without sticking to it.  The DNA cannot go the beyond the 
Cr barriers, hence is stretched (Figure 2.1). However, there are several drawbacks to this technique. 
Stretching DNA less than its contour length and fluctuations during flow cause limitation for 
getting super resolution imaging. Another issue is overlapping of DNA strands. This can be 
minimized by using triangular shaped barriers, but even with this feature, approximately 50% of 
DNA strands overlap.  
We devoted much effort to applying DNA curtains to our project but ultimately found the 
obstacles presented were too large to warrant continued application of this technique. In particular, 
there are several obstacles to getting good surface chemistry and run stretching on curtains. First, 
the modified quartz surface has a lot of unwanted residues from the nanolithography process that 
makes it difficult to achieve a uniform lipid bilayer. Also, the generation of the Cr 100 nm features 
with an Raith electron beam is technically difficult and time consuming (Figure 2.2). Furthermore, 
once a curtain device is fabricated, keeping and reusing it is very difficult since cleaning 
procedures are likely to remove patterns or causes gaps in the design.  
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Another stretching technique involves chemically tethering the DNA on the PEG surface 
and pulling on a large bead attached to the other end by flow. Magnetic beads with anti-digoxigenin 
are used to stretch DNA79. They labeled DNA at one end with biotin so that they could attach DNA 
to surface with a biotin-streptavidin linkage. The other end of the DNA was labeled with 
digoxidenin, allowing the attachment of a magnetic bead coated with anti-digoxigenin. They used 
a 2.8 μm small earth rare magnet (NdFeB) to apply a magnetic stretching force. While beads were 
moved with the magnet inside of flow chamber and away from surface, they apply a constant flow 
of fluid to stretch DNA.  We tried bead stretching both with magnetic and non-magnetic beads. 
Tethering beads to DNA is challenging part given that the tethers break easily during flow. The 
large size of the bead is also an obstacle for high resolution imaging due to tilting labeled DNA at 
some uncertain angle. We need to stretch multiple DNAs simultaneously for our imaging purposes. 
We could not get the uniform, multiplexing by bead stretching our experiments would require.  
Another technique were developed by Washizu et al. who performed electrostatic stretching 
of DNA over a decade ago 80,81. Later on many groups worked on similar techniques. They used 
vacuum evaporated parallel strip electrodes and attached DNA either with biotin or non-specific 
to the electrodes. The electrodes were made of aluminum and etched onto the glass surface. It is 
difficult to obtain single-molecule resolution with this method. We created a similar circuit on the 
glass surface by using microlithography techniques and applied a 150 V/cm Electric Field to 
stretch DNA. There was much background from electrodes as well as not able to get uniform fully 
stretched lambda DNAs.  
The Austin group in Princeton University has studied DNA stretching in nanochannels by 
applying electric fields. They have performed several studies of the effect of a nanochannels’s 
width on the contour length and radius of gyration of DNA. They made channels with cross section 
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as small as 10 nm by 50 nm82. Images are taken by epi-fluorescence. The major drawback of this 
system is that imaging could not be done with by TIRF microscopy. Thus, we cannot use our high 
resolution imaging techniques. Even after extensive chip modification performed, we could not 
get the nanochip system to work with TIRF microscopy. Newer version of the method designed 
by Reisner et al.83,84 which can potentially be used with TIRF microscopy, but we could not get 
high yield stretching due to artifacts while designing chips on fuse silica. 
Functionalizing of glass surface with two different chemicals according to Braslavsky et al.85  
and Kartalov et al.86 is another feasible method which provides high yield stretching.  Polymers; 
Poly(allyamine) (PAII) and Poly(acrylic acid) (PAcr) coats surface with plus and minus charges 
sequentially. Since DNA backbone is minus charged, DNA is stretched when it is sandwich on 
glass surface Even though this method is easy, the major drawback in this method is the difficulty 
to control uniform stretching and that leads to under-stretched or over-stretched DNAs. Due to its 
feasibility, we have worked with this method to implementation of our multi-color DNA mapping 
method.  
We tried several existing methods and optimized them for our systems of interest, but none 
appear satisfactory. We finally utilized a recently developed chloroquine stretching technique87 
that allowed us to increase the stretching rate close to its contour length and perform high 
resolution imaging, which can resolve distances as low as 10 nm.  
2.2 New Stretching Method by Using Chloroquine 
 
There have been several DNA stretching studies tethering one end of DNA and applying a 
constant flow to stretch it. The main challenge of flow stretching is the fluctuation at the free end 
of the DNA. To fix the problem, we tethered both ends of DNA with biotin on a PEG (poly-
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ethyleneglycol) surface. Functionalizing a surface with PEG is essential to get uniform stretching 
and remove impediments to the stretching process.70 Before loading DNA on the surface, 0.5 
mg/ml neutradavidin is flowed, incubated, and then washed with T50 buffer. After getting biotin-
neutradavidin binding, double labeled biotinylated DNA in T50 buffer with chloroquine is flowed 
in at a rate of 100 ug/min (Figure 2.3). Chloroquine is an intercalating drug that extends the contour 
length of double stranded DNA by inserting itself in between DNA’s base pairs.  Lambda DNA 
was used to test the technique. DNAs were labeled with Sytox green DNA stain and imaged by 
using TIRF microscopy (Figure 2.4). We get very uniform fully stretched lambda DNA and 
observed around 30 percent of DNA fully stretched. 
Later, we improved the technique further by using lambda DNA biotinylated at only one 
end. The other end which has a 12 nt overhang is left unlabeled. After attaching  lambda DNA on 
the PEG surface at one end, we flowed in 12 bp biotinylated primers (complementary to the 
overhang) in the presence of 100 μM chloroquine at a flow rate of 100 μl/min. Hybridizing lambda 
DNA and labeled primers stretches and fixes DNA at both ends on the surface very uniformly. We 
could routinely make samples with more than 60 percent of DNA stretched (Figure 2.4). 
We decided to test whether high-resolution distance measurements can be performed on 
well-stretched DNA molecules. To prepare a long DNA substrate containing multiple site specific 
flurophores, we first amplified a 288 bp DNA template from a SNAP-Tag plasmid (Figure 2.6-a). 
After melting the double strands of the PCR product, Cy3 labeled primers at specific locations 
were hybridized (Figure 2.6-b).  Primers were then extended by using DNA polymerase to make 
double stranded DNA (Figure 2.6-c).  One primer was designed with a 12 nt overhang which is 
complementary to the overhang present in lambda DNA. We finally annealed the labeled DNA 
substrate to lambda DNA molecules (Figure 2.6-d). After annealing, we were left with a long piece 
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of DNA with three different Cy3 fluorophores located either 94 bp, 172bp, or 266 bp distances 
from each other. By using the SHRImP technique on stretched DNA molecules, we then measured 
the distances between Cy3 molecules to be 31, 62, and 92 nm, in good agreement with the expected 
distances of 32nm (94 bp), 58nm (172 bp), and 91nm (266 bp) (Figure 2.7).   
2.3 Discussion 
 
Recent improvements of super-resolution methods have opened a new era on studies of 
biomolecules. Especially, the implementation of  the FIONA technique64 has led to discoveries of 
protein mechanisms. Proteins can be localized with 1 nm accuracy and their interaction with other 
molecules including DNA and RNA can easily be tracked, understood and modeled 75,88,89.  The 
FIONA method has led to new high resolution methods such as resolving of multiple dyes which 
are chromatically same73 or different74. Multi-color DNA mapping methods based on high 
resolution methods are performed in genomic studies90 and could potentially reveal further detailed 
information  about the genome91. Many groups have been using DNA stretching methods to be 
able to understand proteins’ interaction with DNA92–96. For better measurements of interactions 
with proteins, it is important to have good DNA mounting methods which have low DNA 
fluctuation rates. Most of the methods mentioned above have high DNA fluctuation rates. In 
addition, an easy buffer exchange method is crucial for some of these studies to learn the effect of 
different buffer conditions on the proteins.  
We have used lambda DNA to test our method. Flow rates and other buffer conditions may 
need to be varied for different sizes of DNA. For each DNA length, control measurements could 
be made to determine stretching rates. We demonstrated that 30 nm resolution on stretched DNA 
could be achieved by applying the SHRImP method. Different DNAs could be used for this 
experiment, but each DNA should be modified to have a specific overhang that is complimentary 
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to the flowed primer. Chloroquine concentrations and flow speeds could be adjusted to get good 
stretching rates in different buffer conditions. 
Our method will provide more ideal environment for studies of protein-DNA interactions as 
well as DNA mapping methods. We can stretch DNA close to its contour length and have higher 
coverage rates compared to other methods. The method can be used with high resolution 
microscopy as we demonstrated. It has the potential to surpass current barriers in several genomic 
and protein-DNA studies.  
2.4 Materials 
 
Flow Stretching Experiment: PEG slides were prepared according to protocol 70. Chambers were 
assembled as shown in Figure 2.3. PEG coated coverslips were rinsed with milli-Q water and dried 
with nitrogen before assembling flow chambers. . Holes in the cover slide were drilled at the 
marked points, 0.75 cm away from the center of coverslips using a ¾-mm diamond drill bit.  
Double-sided tape was placed onto the slide along long edges, just next to the drilled holes and the 
coverslip was positioned on top of the glass slide.  Both ends of the coverslip were sealed using 
epoxy. Drilled holes are a size that tubing (WEICO ETT-28) can fit in. After inserting tubes into 
the hole, it was sealed with epoxy resin. 
Neutravidin (0.2 mg/ml final in T50 buffer) were flowed into the channel and incubated 
for 10 minutes. Blocking buffer (20 mM Tris pH;7.5, 50mM NaCl, 2mM EDTA, 0.2 mg/ml BSA) 
in open eppendorf tubes (1.5 ml) was degassed under vacuum for half an hour right before 
experiment to remove air bubbles. A syringe (5 ml, NORM-JECT) and syringe needle (B-D 26G-
3/8) were used with the tubing.  After assembling the syringe system, blocking buffer was flowed 
to remove excess neutravidin and incubated in the chamber for 5 minutes. Blocking buffer was 
flowed with a 150 ul/min rate using a pump (Harvard Apparatus, PhD2000).  Chloroquine was 
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added into 1 mL blocking buffer to get 100 µM final concentration. Biotinylated lambda DNA 
(final concentration 3 pM) and chloroquine in blocking buffer were flowed into chambers for 8 
minutes at100 ul/min. Next, 15 nM Sytox Green (Invitrogen) in blocking buffer was flowed for 5 
minutes at 100 ul/min to remove excess chloroquine and to image bound DNA. 10 nM biotinylated 
primers within blocking buffer were flowed in at a rate of 100 ul/min for 5 min.  Stretched and 
fixed DNA on the surface was imaged with Sytox Green buffer and PCD, PCA97 and Trolox98 
(Sigma-Aldrich, St Louis, MO) de-oxygenation system.  
Microscopy:  Lambda DNA samples were imaged using total internal reflection fluorescence 
(TIRF) microscopy, implemented on an Olympus IX-71 microscope (Olympus America Inc) with 
PlanApo objective (Olympus 100x1.45 NA, oil). Cy3 labels were excited with 532 nm laser 
(Crysta Laser, Reno, Nv). Lambda DNA backbone stained with Sytox Green was excited using 
488 nm blue laser (Melles Griot, Argon-Ion). Laser lines were set to have TIR and entered the 
microscope from the side port. The emitted photons were collected through a triple band filter cube 
which has an emission filter z488/532/635m and polychroic mirror z488/532/633rpc (Chroma 
Technology). The image was recorded by a back-illuminated, frame-transfer charge-coupled 
device (CCD) detector IxonEM (Andor Technology, Belfast, North Ireland). All DNA samples 
were imaged with a 0.3 s frame rate.   
Image analysis: Cy3-Cy3-Cy3 labeled Lambda DNA samples were excited by a 532 nm laser. 
Double and triple photobleaching steps were searched to find SHRImP spots. While going through 
each qualified spot custom code, each picked spot was checked individually and filtered with 
certain FIONA error. Accuracy of spots less 5 nm were counted in. After locating SHRImP 
qualified spots, photobleaching frame number was entered manually. Distances between dyes are 
calculated with IDL code written according to Gordon et al.73 
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2.5 Figures for Chapter II 
 
 
 
Figure 2.1: Design strategy for DNA curtains. (Adapted with permission from Fazio et al. 
Langmuir, 2008, 24 (19), pp 11293–11299. Copyright © 2008 American Chemical Society). 
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Figure 2.2: SEM image of barriers.   
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Figure 2.3: Top. Illustration of flow stretching experiment. Bottom. Tethered DNA at both ends 
labeled with biotin can be stretched out easily.   
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Figure 2.4: Image of double ended biotinylated DNA flow stretched by using 1.00 uM 
Chloroquine. 
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Figure 2.5: a) Experiment Design: one end biotinylated DNAs were tethered first on PEG surface 
by incubating 10 minutes. Mixture of chloroquine and biotinylated primers was flowed into 
chamber. The primer is the complementary start for overhang of lambda DNA.   Primer (100 nM, 
phosphorylated) (containing 100 uM Chloroquine). Flow at 100uL/min   for ~10 min. b) Stretched 
DNA is imaged by using Sytox Green DNA stain. 
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Figure 2.6: Constructing a DNA sample for Chloroquine stretching technique. 
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Figure 2.7: The imaging results after labeled DNA molecules were stretched 
and linearized by new stretching technique with chloroquine. 
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CHAPTER III 
MULTI-COLOR SUPER-RESOLUTION DNA IMAGING* 
3.1 Introduction  
 
Structural variations in the genome play an important role in human health and common 
diseases as we mentioned in introduction chapter99,100. In general, these variations are defined as 
being longer than 500 bp43,101. Despite their importance, most genome-wide approaches for 
detecting copy number variations (CNVs) are indirect, depending on signal intensity differences 
between samples and controls to predict regions of variation. They therefore provide limited 
quantitative signal and positional information, and cannot detect balanced events such as 
inversions and translocations. Non-uniform sensitivity, specificity, and probe density of these 
platforms often lead to conflicting results even with identical samples102,103. This qualitative 
measurement requires further validation by low throughput detection methods, such as PCR and 
FISH.  
Optical mapping of long single DNA molecules by using gaps generated by digestion with 
restriction endonucleases as landmark sites104, or using fluorescent tags bound to specific 
sequence-motif sites105,106 have provided a new way for comparatively rapid and direct whole-
genome characterization and visualization for structural variation studies. However, due to the 
optical nature of the mapping, they are limited in their ability to resolve motifs that are closer than 
about ~1.5 kbp. 
*Reproduced with permission from Baday et al. Nano Lett., 2012, 12 (7), pp 3861–3866 Copyright © 2012 American Chemical Society 
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This generally requires selecting sequence-motif frequencies of at least 10 kb per site to 
avoid significant portions of genome with stretches of unresolvable sites (<1.5 kb) being left out.  
This not only reduces the ability to detect smaller structural variations, but also results in lower 
information density.  Improving resolution would have clear advantages. 
In this study, we describe a DNA mapping method with 100 bp resolution, based on 
localization of multiple sequence-motifs. We achieve this by two closely-related super-resolution 
techniques, both of which have been shown to have 10 nm resolution on DNA (and other 
samples)73,74,107. In particular, they are two-color SHRImP (Single molecule-High Resolution 
Imaging with Photobleaching), and two-color SHREC (Single-molecule High-Resolution Co-
localization). As both SHRImP and SHREC can be extended to three or more dyes, using more 
colors will increase the number of resolved distances between individual molecules. Here, both 
techniques are corrected for chromatic aberration to get the relative distances between different 
colored dyes. We successfully generated two-color sequence-motif maps of 180 kb BAC clones 
(GCTGAGG and GCTCTTC) at 100 bp resolution.  
3.2 Demonstration of One and Two Color SHRImP and SHREC Imaging 
 
A 741 bp dsDNA template was constructed by PCR with one cy3-labeled primer (Figure 
3.1-a) at the 5’ end. Two other cy3-fluorophores were introduced at specific locations 94 bp and 
172 bp from the 5’ end by nick-labeling108,109. After stretching and linearizing DNA on a glass 
surface, we applied SHRImP. Each dye was photobleached and the measured distances between 
dyes was determined. The measured and expected distances were 27 nm and 32 nm, for the 94 bp, 
61 nm and 58 nm for the 172 bp, and 95 nm and 90 nm for the 266 bp, which are in good agreement 
(Figure 3.1-b). The results also demonstrate that three fluorophores of the same color can be 
imaged with SHRImP simultaneously. 
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To test the feasibility of simultaneously using SHRImP and SHREC, a 741 bp-dsDNA model 
system was constructed with a Cy5-labeled PCR primer at the 5’ end and two Cy3 molecules, at 
positions 32 nm (94 bp) and 58 nm (172 bp) from the Cy5 (Figure 3.2-a). The positions of the dyes 
were localized using a dual-view imaging system as described in the methods. The distances 
between the two Cy3-Cy5 pairs were determined to be 34 nm (32 nm-94 bp expected) and 88 nm 
(90 nm-266 bp expected). The distance between the Cy3-Cy3 pair was 56 nm (58 nm-172 bp 
expected) (Figure 3.2-b). This demonstrated the combination of SHRImP and SHREC can resolve 
distances smaller than the diffraction limit between multiple fluorophores of different colors.  
3.3 One-Color Super-Resolution DNA Mapping 
 
Lambda DNA (48.5 kb) was nick-labeled using Nb.BbvCI and Tamra-ddUTP, which has 
seven nicking sites along the 48.5 kb lambda DNA. In a previous study by Xiao et al., four sites 
were resolved, but the two nicking sites clustered at location B (Figure 3.3-a) and three nicking 
sites clustered at location C (Figure 3.3-a) could not be resolved due to their close proximity within 
the diffraction limit. Using conventional fluorescence, the seven nicking sites are reduced to four 
resolvable locations and distances are measured as in Figure 3.3-c with 1.47 µm, 3.27 µm and 4.27 
µm respectively, which are in good agreement with expected distances. Using SHRImP, the 
clustered sites at B and C can be clearly resolved. Figure 3.3-d shows the distances between the 
two nicking sites at the B location to be 104 nm, which agrees well with 108 nm (318 bp) predicted 
distance. The distances between three clustered nicking sites at location C are also resolved to be 
101, 202 and 312 nm which are in close agreement with expected distances of 102, 208 and 310 
nm. (Figure 3.3-c) 
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3.4 Two-Color Super-Resolution DNA Mapping 
  
Nicking sequence-motifs for Nb.BsmI and Nb.BbvCI occur on average every 2 kb per 
sequence-motif across human genome. With the limited resolution of regular fluorescent 
microscopy, most of the sites will not be resolved. Here we applied DNA-mapping with two-color 
super-resolution techniques and constructed Nb.BsmI and Nb.BbvCI sequence-motif map of a 180 
kb BAC clone. Nb.BsmI has 71 recognition sequences (GCATTC) and Nb.BbvCI has 35 
recognition sequences (GCTGAGG) across the 180 kb BAC clone.  
In Figure 3.4, Nb.BsmI sites are nick-labeled with the green dye Tamra, while Nb.BbvCI 
sites are nick-labeled with the red dye Cy5. The DNA backbone is stained with YOYO-1. Three-
color images were generated by using sequential excitation of Tamra (at 532 nm), Cy5 (at 642 
nm), and YoYo-1 (at 488 nm). A few typical overlaid DNA fragments are shown in Figure 3.4-a. 
The distances between each neighboring spot of the same color are then calculated separately by 
using SHRImP analysis (Figure 3.4-b-d). To correlate the red and green channel with minimal 
chromatic aberration, Tamra and Cy5 labeled sites were analyzed together by using SHREC 
analysis. We modified the original SHREC technique74 by using alternating excitation of green 
and red channels instead of DualView apparatus. This provided full view of imaging area rather 
than half as in DualView case. For this, both Tamra and Cy5 channels were merged after making 
chromatic aberration correction by using nanoholes as fiduciary marker, which are 100 nm in 
diameter and 1.5 µm apart (Figure 3.4-e). Patterned nanoholes all over the illumination area gave 
much better correlation between channels than using beads as fiduciary marker. The color spatial 
correlation function was created for each image frame based on the nano-hole fiduciary; this color 
correlation function has 5 nm resolution. By using the color correlation function, all Cy5 spots 
were mapped to the Tamra channel.  A true two-color super-resolution image was created with 
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minimum chromatic aberration. Each DNA fragment was then mapped to the BAC clone reference 
sequences. 
The nicking sites based on the Genbank reference sequences (Al662781.4) are shown in 
the top graph of Figure 3.5-a as the reference map. The distribution of nicking sites derived from 
each DNA fragment (Figure 3.4-a.) is mapped to the reference map by the searching algorithm 
described later in the chapter.  All the nicking sites of all DNA fragments are plotted as the 
histogram along DNA backbone shown in the bottom graph of Figure 3.5-a. The histogram is 
created with bin sizes of 200 nm (diffraction limit) by using over 1000 DNA fragments and its 
range covers the whole BAC length. Experimentally localized nick–labels for Tamra and Cy5 
dyes are shown in green and red, respectively. The experimental map agrees well with the 
reference sequence map (Figure 3.5-a). The peak height of each individual peak correlates well 
with the density of the nicking sites. More dense regions have higher peaks than other regions. 
Figure 3.5-b shows two different regions analyzed with two-color SHRImP analysis. One region 
covers from 44 kb (15 µm) to 54 kb (18.5 µm). There are five Nb.BsmI sites labeled with Tamra 
and six Nb.BbvCI sites labeled with Cy5. The closest distance measured between the same color 
(same sequence-motif) and different colors (different sequence-motif) are 134 bp (46 nm), 313 
bp (106 nm) respectively. These results in the inset region show that 100 bp resolution can be 
achieved with the technique. The other region shown in Figure 3.5-b covers from 19 kb to 24 kb, 
in this region, all four Nb.BsmI and three Nb.BbvCI nicking sites were resolved at their expected 
locations. 
Out of a total 105 Nb.BsmI and Nb.BbvCI sites, the super-resolution map resolves 91 sites 
compared to 65 sites with regular DNA mapping. Some of the sites could not be resolved due to 
the 30 nm resolution limitation as well as having more than two dyes within the diffraction limit. 
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Table 1 shows the complete super-resolution map. The full super-resolution two color sequence-
motif map with SHREC analysis are also shown in the Figure 3.6. 
3.5 Discussion 
 
Despite recent advances in next-generation sequencing technologies, de novo genome 
assembly, structural variant and haplotype analysis using “short read” shotgun sequencing, remain 
challenging. Consequently, most medical re-sequencing projects rely on mapping the sequencing 
data to the reference human genome sequence to identify sequences and variants of clinical 
relevance110. One approach to address the sequence assembly challenge is optical mapping. Optical 
mapping has been used to construct ordered restriction sites for whole genomes, and has proven 
to be useful in providing scaffolds for shotgun sequence assembly and validation104,111–116. 
However, the information content and mapping capabilities are limited by low resolution and use 
of only a single restriction enzyme113. Additionally, it is also limited by the low throughput, 
imprecise DNA length measurement, and high error rates. 
The resolution of DNA mapping is traditionally limited by the optical resolution (diffraction 
limit). Small fragments, or neighboring motif sites below 2kb, are hard to measure106,109,113. This 
results in increased false negatives. Consequently, lower density sequence-motif recognizing 
enzymes, such as a nicking endonuclease of 9 kb per nicking117 site or a restriction endonuclease113 
of 20 kb per cutting site were used in part to avoid the complication of the resolution limitation. 
This not only decreases the information content and increases the frequency of desert regions 
(genomic region without sequence-motifs), but also limits the ability of detecting smaller genomic 
features.   
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We have shown here a multi-color super-resolution DNA mapping method, which provides 
more detailed DNA-sequence information. Single-color SHRImP can measure up to three 
dyes73,107 within ≈ 30 nm (100 bp), significantly below the diffraction limit. The two color 
SHRImP method is shown to perform as efficiently as single color SHRImP. To correlate the two 
color channels for precise distance measurement, we developed a modified SHREC procedure 
with a nano-hole fiduciary marker to minimize the chromatic aberration. In this way, the resolution 
between different colors reaches 30 nm (100 bp). Super-resolution DNA mapping provides 
significantly higher uniqueness when compared to existing optical DNA mapping technologies for 
a given molecule length because more dense sequence-motif information can be obtained. This 
not only helps in de novo sequence assembly and physical map generation, since smaller contigs 
and less overlap between molecules is needed; it also reduces the current requirement for sample 
preparation of extremely long DNA molecules. Moreover, the method can generate sequence-
motif maps for more damaged DNA sample, such as paraffin embedding (FFPE) samples. 
In our two-color nick-labeling scheme, the high specificity for sequence recognition is 
determined by both the enzymatic nicking reaction and the fluorescent nucleotide incorporation 
reaction. More colors could be incorporated with additional nicking-endonucleases or in 
combination with other DNA labeling schemes (e.g. polyamides, Bis-PNA, methyltransferase118–
120). Improved labeling technologies together with the advance of multi-color super-resolution 
imaging techniques can provide a DNA sequence-motif map of unprecedented detail.  This map 
can be used to resolve smaller genetic variations over long distances, helping to resolve haplotypes, 
and can approach sequencing resolution.  
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3.6 Methods 
3.6.1 Preparation of the glass coverslips and DNA mounting 
 
Glass surface were functionalized with two different polyelectrolytes according to earlier 
studies.86,106 22mm × 30 mm coverslips were sonicated first in acetone for 30 min then in 1M KOH 
for 30 min.  Between sonication steps, coverslips were rinsed with MilliQ water. After final drying 
with Nitrogen, coverslips were kept under Argon plasma cleaner for 5 minutes. Polymers 
Poly(acrylic acid) (PAcr)  and Poly(allylamine) (PAll) (Sigma-Aldrich, St Louis, MO) PAII and 
PAcr  were dissolved at 2 mg/mL in desterilized water and filtered through 0.22 nm filter. Cleaned 
coverslips were incubated in positive (PAII), negative (PAcr) and positive (PAII) polyelectrolytes 
consecutively about 30 minutes on shaker 150 rpm at 35oC. Then, coated coverslips were kept in 
high purity water at room temperature.  
Coverslips were placed on glass slide (1”x3”) and pipet 4 𝜇l DNA on the edge. DNA 
concentration is 10 pM and has oxygen scavenger system made of T50 buffer (10 mM Tris, pH 
8.0, 50 mM NaCl) with PCD, PCA97 and Trolox98 (Sigma-Aldrich, St Louis, MO). The DNA was 
stretched on the coverslip surface by capillary action which causes strong flow. Coverslips were 
sealed with nail polish to prevent drying solution. DNA backbone is imaged with YOYO 
intercalating dye at 300:1 base-pair to dye ratio. 
3.6.2 Microscopy  
   
Short DNA and Lambda DNA samples were imaged by using total internal reflection 
fluorescence microscope (TIRF) which is built on an Olympus IX-71 microscope (Olympus 
America Inc) with PlanApo objective (Olympus 100x1.45 NA, oil). While imaging test-DNA in 
Figure 3.2-a for combined SHREC and SHRImP method, the Cy3 labels were excited with 532 
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nm laser (Crysta Laser ,Reno, Nv) and Cy5 is excited by 633 nm laser (Crysta/Melles Griot, 
Helium-Neon). DualView Apparatus (MSMI-DV-CC, Optical Insights, AZ) was used to split 
emission into two-color channels. Lambda DNA backbone stained with YOYO-1 was excited 
using 488 nm blue laser (Melles Griot, Argon-Ion). All laser lines were set to have TIRF and 
entered the microscopy from same port. The emitted photons were collected through triple band 
filter cube which has emission filter z488/532/635m and polychroic mirror z488/532/633rpc (both 
from Chroma Technology). The image was recorded by a back-illuminated, frame-transfer charge-
coupled device (CCD) detector IxonEM (Andor Technology, Belfast, North Ireland). All DNA 
samples were imaged in 0.5 s frame rate.  Nikon Eclipse Ti inverted microscope system was used 
to image the BAC DNA. Eclipse Ti has a built-in multi-color laser TIRF set up in which alternating 
lasers are controlled by AOTF. By using custom-made macro code, images were taken with 488, 
532 and 641 nm lines sequentially, and then stage moved in 50 micron intervals spanning several 
regions in the same sample. Same filter sets and CCD camera is used to image BAC DNA as well. 
3.6.3 DNA Sample Preparation 
  
While preparing SHRImP test DNA, two PCR primers, one labeled at the 5’ end with cy3 
and the other one phosphorylated at the 5’ end were used.  The DNA was amplified, creating a 
product with one 5’ end labeled with cy3 and the other end phosphorylated.  Single- stranded DNA 
molecules were then produce d with the 5’ end labeled with Cy3 by using lambda exonuclease 
enzyme to remove one strand of the PCR product. Two oligos, both with Cy3 at their 5’ end, were 
hybridized at different locations on the single strand, resulting in a DNA labeled with fluorophores 
with either 94 bp or 266 bp apart. Then, by filling in the gaps between oligos using a polymerase 
enzyme, a double stranded DNA with cy3 fluorophores at specific locations was afforded. The 
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SHREC-SHRImP DNA sample was prepared in a similar way to the SHRImP sample explained 
in the paper, replacing one Cy3 labeled primer with Cy5 labeled primer 
We obtained BAC clone in LB slabs from the BACPAC Resource Center at the Children’s 
Hospital Oakland Research Institute (http://bacpac.chori.org/) from the BAC library CHORI-501. 
BAC DNA sample (cho501-1H2, GenBank Al662781.4) used in the study were prepared using 
Qiagen’s Large-Construct Kit. The DNA sample was quantified using Nanodrop 1000 (Thermal 
Fisher Scientific) and their quality assessed using pulsed-field gel electrophoresis. One milligram 
BAC DNA  was linearized with 2 U of NotI and nicked with 0.5 U nicking endonuclease Nt.BbVcI 
and Nt.BsmI (New England BioLabs, NEB) at 37 oC for 2 hours in NEB Buffer 3. The resultant 
DNA fragments were labeled with 25 nM Cy3 acyclo-dUTP and Cy5 acyclo-dCTP (Perkin Elmer) 
and Vent (exo-) (NEB) for 1 hour at 72 oC. The backbone of above fluorescently tagged DNA (5 
ng/uL) was stained with YOYO-1 (3 nM; Invitrogen). Lambda DNA sample was nicked with 
Nt.BbVcI and labeled with 25 nM Cy3 acyclo-dUTP. 
3.6.4 Image Analysis 
 
  Cy3-Cy3-Cy3 labeled DNA samples (Figure 3.1-a) were excited by 532 nm laser. Double 
and photobleaching steps were searched to find SHRImP spots. After locating SHRImP qualified 
spots, photobleaching frame number was entered manually. Distances between dyes are calculated 
with IDL code written according to Gordon et al.73 Cy5-Cy3-Cy3 DNA samples (Figure 3.2-a) are 
imaged with addition of DualView apparatus to separate Cy3 and Cy5 emissions. Each spot in 
green channel were searched for double photobleaching steps. Distances between Cy3-Cy3 in this 
sample were calculated with the SHRImP code. Before and after running each experiment, 
nanoholes as fiduciary markers were used to get mapping function between two channels for 
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SHREC calculations. Nanoholes were 100 nm in diameter and 1.5 micron apart from each other 
in both x and y direction. Mapping functions in MATLAB were used to register and map 
channels121,122. When analyzing SHREC data, mapping functions with mapping error less than 5 
nm were used to calculate distances between Cy3-Cy5 dyes.  
Experiments with lambda DNA were done by using 488 nm and 532 nm excitations. 
Backbone was labeled by YOYO-1 stain and restriction sites were labeled with Tamra fluorophore. 
After overlapping YOYO-1 labeled backbone and Tamra labeled restriction sites channels in 
ImageJ, spots on lambda DNA were picked by Point Picker Plug-in. For each lambda DNA, 
distances between dyes were calculated and searched for double photobleaching spots to identify 
qualified SHRImP spots. Location of each SHRImP spot were recognized according the other non-
SHRImP dyes on the same DNA and its distance to DNA ends. Non-SHRImP and SHRImP 
distance were all calculated using custom made code in IDL.  
BAC DNA with YOYO-1, Tamra and Cy5 channels were overlaid by using ImageJ. Later 
on, point picker (imageJ plug-in) was used to pick spots in Tamra and Cy5 channel which are on 
DNA backbone. By using IDL custom code, each picked spots were checked individually and 
filtered with certain FIONA error. Picked spots were checked to see whether they are SHRImP 
spot or not by looking at count trace over time.  Distance between each spot were calculated and 
results were printed in an excel sheet. Data in each column in an excel sheet represented 
consecutive distances between neighboring spots for every DNA fragment. Search algorithm 
(which is developed in Mathlab) was run to match the consecutive distance list of each DNA 
fragment on the actual DNA reference list. If the DNA fragment were located on full BAC DNA 
with the search algorithm, new positions of restriction sites were assigned to their corresponding 
locations on full BCA DNA. If DNA is overstretched or under-stretched and there is any non-
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specific label on the list, restriction sites on the DNA fragment were excluded from all output list. 
Final output list from several experiments was plotted in a histogram in Origin Graphing Software. 
3.6.5 Image Processing for Distance Calculations on BAC DNA 
 
The IDL code retrieves coordinates of spots from text file. These spots were previously 
picked by the point picker which is an ImageJ plug-in.  After displaying DNA backbone image, 
retrieved spots are printed on their locations on the backbone image.  Then, locations for beginning 
and end of stretched DNA are asked to be clicked on the image display. By using DNA end points, 
slopes and origins of each DNA segment are calculated.  Program searches through a line on a 
DNA and listing corresponding spots to each DNA line.  Later, 2D-Gaussian-fits are performed 
for all spots for all frames to get their coordinates over the time. Certain number of frames is 
averaged to remove the fluctuations effect in dyes’ emissions. If the point is non-SHRImP spot, 
first 12 frames of the spot are averaged. If the point is SHRImP point, position is averaged from 
beginning frame till before photobleaching occurs. Averaging excludes off-values which may be 
due to bad photon collection in any single frame and bad fit results. After listing all the spots for 
each DNA segment, calculation of distances between each neighboring spots are made by using 
their averaged positions. While going through each spot on a DNA, some spots can be excluded 
by looking at its raw image’s quality and trace over the time. During the spot check, SHRImP spots 
are detected by looking at their photobleaching behavior. If the spot is a SHRImP spot which has 
gone through double photobleaching, SHRImP calculation is made according to previous study73 
and the measured SHRImP distance is added to the DNA segment’s distance list. Distances of each 
DNA segment is printed in a column of an excel sheet. 
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3.6.6 Search Algorithm 
 
The best match for the measured data is found by moving the measured span across the 
template by small increments and checking how closely the points line up. The distance between 
two measured points is used to determine a range in which any template points will be considered 
possible matches with the second measured point. If a template point is within this range, the 
template point is added as a found point and the potential position of the next point after is updated 
in accordance to this new starting point, and the process is repeated to find the next point. This 
allows for a cascade of found points when the correct location is found as each successive point 
will be in the correct range. If no point is found within range of the current length, the next length 
is added and a new range is produced, and this continues until a point is found that falls within 
range or all the lengths have been used up. This allows for the program to skip over inaccurate 
data from erroneous measurements. If there are multiple points in the range the program chooses 
the one closest to the measured point they are being matched to. If matching points are found, the 
algorithm then goes back to check if the first measured point lines up with a template point using 
the distance between the first matching point and the first measured point to determine the range 
that a match can be in. 
 This scanning method is repeated multiple times, moving the starting point farther down 
the template until the entire length of the template has been tested. While the algorithm is 
traversing the template it remembers the best match it has found so far. A match is considered 
better than another if more points line up with the template. If two different matches have the same 
number of points that line up, the match where the points are closest to the template is chosen. 
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3.7 Figures and Tables for Chapter III 
 
 
 
Figure 3.1: (a) Diagram of a DNA molecule with 3 Cy3 dyes to test the SHRImP method (b) 
Histogram of SHRImP distances between Cy3 dyes shows that the 3 distances between Cy3 pairs 
are 27 nm, 61 and 95 nm, which is in good agreement with expected distances (c) Three step 
photobleaching of the sample. 
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Figure 3.2:   (a) Diagram of a DNA molecule 
which has Cy5-Cy3-Cy3 dyes on it.(b) Combined 
histogram of SHREC (red) and SHRImP (blue) 
analysis indicates that SHRImP distance between 
two Cy3 dye molecules is 56 nm, and two SHREC 
distances between Cy5-Cy3 molecules is 34 nm 
and 88 nm. 
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Figure 3.3: Resolving the Lambda DNA nicking pattern. (a) Lambda DNA nicking pattern by the 
enzyme Nb.BbvCI. Green stars show the expected location of labeled nicked sites. Site-B has two 
dyes and Site-C has three dyes in diffraction limited spots (b) an image of Tamra labeled nicking 
sites on YOYO stained Lambda DNA backbone. (c) Histogram of non-SHRImP distances. Peaks 
are at 1.47 µm, 3.27 µm and 4.27 µm which are close to the expected distances. (d) Histogram of 
SHRImP distances for site-C which has three peaks at 101 nm, 202 nm and 312 nm, in good 
agreement with the expected distances of 104 nm, 209 nm and 313 nm. (e) Histogram of SHRImP 
distances for site-B which has a peak at 104 nm that is also close to the expected distance of 110 
nm. 
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Figure 3.4: Two color super-resolution imaging of DNA molecules (a) Diffraction limited 
imaging of BAC DNA fragments. DNA backbone is shown in blue (YOYO-1 staining). Nb.BsmI 
nicking sites are in yellow and Nb.BbvCI sites are in red. DNA fragments are rotated to be aligned 
with all others based on the nicking pattern. (b) Image of a single DNA fragment (the fragment on 
the figure 4a shown with an arrow). The image on the left is the superposition of the green and red 
images on the right. Excitations in the green and red channels are done alternatively. Arrows shows 
SHRImP spots in each channel (c) Gaussian profiles of spots in the green channel on the DNA 
fragment. Colors in the profiles shows varying intensities.(blue to yellow is low to high intensities. 
The graph includes Gaussian profiles of the the SHRImP spot(shown with arrow) before and after 
photobleaching (first and second graph). Third graph is the Gaussian profile of the second dye on 
the SHRImP spot. It is found by subtracting spot’s intensity profile after photobleaching from that 
of before photobleaching (d) Gaussian profiles of dyes on the red channel on the same DNA 
fragment.  Spot shown with arrow is a SHRImP spot. Gaussian profiles of the spot with before and 
after photobleaching are shown in first two graphs. Third one is Gaussian profile of the second dye 
on the SHRImP spot. 
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Figure 3.5:  BAC DNA Mapping with two-color SHRImP analysis. (a) Locations of 
experimentally determined nicking sites on BAC DNA are shown above the histogram. DNA was 
nicked by Nb.BsmI at 71 locations (labeled by Tamra dyes) and by Nb.BbvCI at 34 locations 
(labeled by Cy5 dyes). The histogram is created with bin sizes of 200 nm. Experimentally located 
nicking sites for Tamra and Cy5 dyes are shown with green and red bars respectively. (b) The 
histogram on the left shows the region from 19.5 kb to 24.5 kb, in which four Tamra and three cy5 
labeled sites are resolved as expected. The histogram on the right has 11 nicking sites and covers 
an 11 kb region from 44 kb to 55 kb. Five Tamra and sixCy5 labeled sites are resolved with two-
color SHRImP in expected locations. 
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Figure 3.6:  SHRImP/SHREC combined analysis of DNA mapping. Histogram ranges from 0-
165 kbp (0-60 µm) which is the full BAC DNA length. Histogram’s bin size is 200 nm. Main 
image has columns in two different colors. Dark gray is the histogram of experimental distances 
of restriction sites. Blue columns are the histogram of actual restriction list that includes both green 
and red labeled sites. Zoomed graph is the sub-region of main graph from 44 kbp to 55 kbp with 
binning size of 100bp (30 nm). Peaks are fit with multi-gaussian function to get mean values. All 
expected 11 restriction sites in that region is resolved as shown in zoomed histogram.  
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Figure 3.7: An illustration of the algorithm 
Row 1: The template and the starting position of the measured data before a scan is run. 
Row 2: The first scan. The distance between measured points one and two determines the range 
around point two that a match can be in. No match is found, so the distance between measured 
points one and three determines the range around point three that a match can be in.  A template 
point is within the range, so it is recorded as a found point and shown as thick here.  Point three is 
the last point, so the first point needs to be checked.  The distance between points one and three is 
again used to determine the range that a match can be found in, but the center of this range is based 
on the template position of the first found point (point three) minus the distance between measured  
points three and one.  This center is shown slightly to the left of measured point one as a lighter  
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Figure 3.7: (Cont.) 
dotted line.  A template point falls within this range and it is saved as the start of the found points.  
This point is also shown in bold. 
Row 3: A later scan where the measured data has been shifted over to the right, having already 
gone through a number of previous scans. Once again the distance between measured points one 
and two are used to determine the range around point two to look for template points. No match is 
found, so the distance between measured points one and three determines the range around point 
three that a match can be in. Once again, there is no template point that falls within that range.  
The program has hit the end of the measured points without finding any match, so it does not 
bother checking the starting point. 
Row 4: Another later scan farther to the right determines the range around measured point two 
that matches can be found in based on the distance between measured points one and two.  This 
time a match is found and recorded. It is shown in bold in the figure. The distance between 
measured points two and three is used to find the range for a match for measured point three, but 
the center of this range is determined by adding the distance between measured points two and 
three to the template point that was found to match measured point two. This means that measured 
point three is not in the center of its own range of potential matches. No matches are found for 
measured point three.  Since the algorithm has reached the end of the measured points and has 
found at least one matching point, it goes back to check if there is a match for measured point one.  
The distance between measured point one and the first point with a match, measured point two, is 
used to determine the range that a match can be in, and the center of that range is determined by 
subtracting that distance from the location of the template point that matches measured point two.  
No point is found within this range. 
Row 5: Once again the scan takes place even farther to the right. The range for matching points 
for measured point two is based on the distance between measured points one and two, and 
centered on measured point two. A template point is found within this range and recorded.  It is 
shown as bold in the figure. The range for measured point three is determined by the distance 
between measured points two and three, and the center of that range is determined by adding that 
distance to the position of the template point that matches measured point two. A template point 
is found in this range, recorded, and shown as bold in the figure. Having reached the end of the 
measured data, and having recorded at least one match, the algorithm goes back to check if  
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Figure 3.7: (Cont.) 
measured point one matches a template point. The range that is searched is determined by the 
distance between the first measured point and the first measured point that matches a template 
point, in this case measured point two. This distance is subtracted from the position of the template 
point that matches measured point two to determine the center of this range. A template is found 
in this range and recorded as the starting point of the matching points. This point is shown in bold.  
This is the best match found so far, with all three points lining up with the template and very little 
offset from any of their matching points. This sequence of matching points is saved as the best 
match found so far along with other relevant data. 
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Figure 3.8: Nanoholes as fiduciary markers are made by using Focus Ion Beam (FIB). They are 
100 nm in diameter and 1.5 µm apart from each other. First, thermal evaporator is used to deposit 
~15 nm Cr and ~140 nm Ag (silver) on coverslips. Then, nanoholes image map which is drawn by 
CorelDRAW are patterned on coverslip by FIB. a) SEM image of nanoholes. b) TIRF image of 
nanoholes in green and red channels is taken by using Dualview apparatus to image SHREC 
sample in figure 2 of the paper. The white light was shed from the top, and only nanoholes are the 
region where the light can pass. And because of its broad wavelength and Dual-view optics, the 
transmitted light is separated according to wavelength. 
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Figure 3.9: a) Illustration of stretching method b) Stretched lambda DNA image with YoYo on 
PAcr-PAII coated coverslip. 
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Expected Experiment Expected Experiment Expected Experiment Expected Experiment 
680 697 36474 36465 76895 76897 119948 119988 
1092   38516 38496 78033 78043 120642 120007 
4934 4933 39052 39082 78597 78573 125064 130683 
7857 7858 40734 40744 79929 79897 126378 126378 
9696 9733 41154 41130 84447   126438 131577 
12953 12942 44579 44586 88710 88686 127661 127657 
13111 13151 44892 44880 90791 90729 127928 127876 
15921 15964 45652 45670 91563   130765   
16188 16266 45925 45946 91611   131581   
16323 20497 46059 46067 94113 94137 132842   
18648 18646 46324 46316 95268 95281 137529   
19782 19815 47009 47019 97195 97182 137545   
20482   47367 47372 98169 98131 141034 140969 
20874 20884 50060 50088 101018   141204 141189 
21185 21203 50507 50507 101476 101502 144114 144072 
21275 21216 53723 53720 100239 100242 142420   
21622 21602 58383 58400 104866 104850 147481   
23780 23761 65194 65186 105036 105005 147759 147792 
24826 24801 68517 68510 105996 105891 149787 149793 
25096 25087 68893 68931 110148 110174 150168 150178 
27917 27838 70246 70375 111001 126426 150546 150569 
29187 29184 70454 70516 113998 113999 152863 152884 
30200 30188 71221 71139 115926   156393   
30687 30665 71352 71338 115966   156591 156405 
30804 30806 74253 74281 117839 117880 163235 163221 
32533 32567 75632 75679 118725 118776 163642 163537 
33832 33820 76443 76479 119837 119794     
 
Table 1.  Restriction sites of Nb.BsmI and Nb.BbvcI enzymes on BAC DNA are located with 2D-
SHRImP method. The table also includes expected distances of each site. Nb.BsmI and Nb.BbvcI 
are shown with green and red fonts respectively.  
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APPENDIX-A 
MORE DETAILED HISTOGRAMS FOR BAC ANALYSIS 
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a  
Figure A.1: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
0 to 16 bp. 
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Figure A.2:  BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
17 to 26 bp. 
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Figure A.3: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
27 to 42 bp. 
 
 
 
 
 
 
 
 
 
 
 
 
 67 
 
 
Figure A.4: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
44 to 54 bp. 
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Figure A.5: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
57 to 80 bp. 
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Figure A.6: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
88 to 108 bp. 
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Figure A.7: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
110 to 132 bp. 
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Figure A.8: BAC DNA two-color SHRIMP results. Zoomed in region of the full histogram from 
140 to 165 bp. 
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Figure A.9: Merged mapped sites after chromatic aberration correction range from range from 0 
µm to 15 µm (0 kb to 44 kb). 
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Figure A.10: Merged mapped sites after chromatic aberration correction range from 15 µm to 30 
µm (44 kb to 88 kb) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 74 
 
 
Figure A.11: Merged mapped sites after chromatic aberration correction range from range from 
30 µm to 45 µm (88 kb to 132 kb). 
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Figure A.12: Merged mapped sites after chromatic aberration correction range from range from 
45 µm to 56 µm (132 kb to 165 kb). 
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Figure A.13: A Subset region (range from 15 µm to 18 µm) of full merged data.  
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Figure A.14: Comparison of two different search algorithms on same data set. Both results agree 
each other meaning that any of programs are reliable to be used for analysis.  
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